ABSTRACT
Multilayer copper hexacyanoferrate (CuHCF) films bridged by cysteine monolayer protected copper clusters (CuMPCs) were prepared by the sequential electrochemical cyclcing and dipping process. Cyclic voltammetry, scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to characterize the formation of the multilayer films. Cyclic voltammetric measurements indicated that the films grew exponentially with the increase of the layer numbers. AFM and SEM images revealed that the obtained films were thin and exhibited a three-dimensional structure. The nanostructured thin-film assemblies exhibited interesting catalytic properties that could be applied in important sensing and catalysis. Good catalytic activity and stability of the film modified electrode for hydrogen peroxide detection was studied.
INTRODUCTION
Hydrogen Peroxide (H 2 O 2 ) is a side product of oxidases which is included in more than 90% of the existing enzyme-based biosensors and analytical kits (1) . It is also recognized as one of the major risk factors in progression of disease-related pathophysiological complications in diabetes, atherosclerosis, renal disease, cancer, aging, and other conditions (2) . Monitoring of low levels concentration of H 2 O 2 at low-potential is of practical importance in food, pharmaceutical, chemical, biochemical, industrial and environmental analyses (3) . Recently metal hexacyanoferrates have been widely used as H 2 O 2 transducers because of their high activity and selectivity (4) (5) . Among different analogues, copper hexacyanoferrates have received special attention (6) . However, to the best of our knowledge, there are no reports on the preparation of the three-dimensional multilayer CuHCF films and their application as the H 2 O 2 biosensor.
Multilayer films showed some advantages as sensing and electronic devices because of their thickness controllability and composite adjustability (7) . The loading density of the particles on the films would improve their application performance in sensitivity (8) . Examples included DNA complimentary binding (9-11), polymer or dendrimer mediated assemblies (12) (13) (14) (15) .
The compounds with carboxylate groups have excellent recognition properties for metal ions (16) (17) , and the studies in the formation of multilayer films based on the molecules with straight alkyl chains have been undertaken (18) (19) . However, these films have some disadvantages such as strictly two-dimensional surfaces and limited stability (20) (21) . These shortcomings could be overcome by enhancing the functional group density and increasing the dimensionality of the films.
Nanometer-sized particles with functional groups have been the subject of increasing attention for the past decade due to their potential applications in catalyst, heavy-metal detection and chemical sensing (22) (23) . A facile synthesis of nanoparticles composed of gold clusters coated with thiolate monolayers (Au MPCs), introduced by Schiffrin and his co-workers, has attracted extensive use (24) . The obtained MPCs exhibit stability in both solution and dry forms. It is most important that a wide variety of structural groups could be introduced into the nanoparticles (25) (26) (27) (28) . It indicated the feasibility of forming different kinds of multilayers based on them. The quasi-three-dimensional surfaces yielded by MPCs would provide higher functional group density than the linear, alkyl-based self-assembled multilayers (SAMs). The stability of the obtained film could also be increased by the multipoint binding character of MPCs.
Herein, we synthesized the cysteine encapsulated copper nanoparticles (CuMPCs) by using one-phase method. Cysteine, as a kind of water soluble amino acid, has three main functional groups (Figure 1) , the amino and carboxylate functionalities, and the terminal thiol group. The adsorption of cysteine on different metal surfaces such as gold and copper has been reported (29) (30) . Because multilayer films based on the interaction of copper ions with carboxylic acid group were reported (31), we reasoned that a similar chemistry could be envisaged to fabricate multilayer films based on the cysteine protected copper clusters. The fabricating process was shown in Figure 1 . CuMPCs were anchored on the electrode by potential cycling, and then, the CuMPCs modified electrode was dipped into potassium ferricyanide solution to form CuHCF nanoparticle overlayer by ionic interactions. Multilayer CuHCF films could be formed by the repetition of the sequential processes. The films were characterized by cyclic voltmmetry, atomic forced microscope (AFM) and scanning electron microscopy (SEM), respectively, and were used as the hydrogen peroxide sensor.
EXPERIMENT SECTION

Chemicals
CuSO 4 ·5H 2 O, L-Cysteine hydrocloride, KBH 4 and potassium ferricyanide were obtained from Shanghai Chemical Reagent Factory and used as received. All other reagents were of analytical grade and used without further purification. Pure water was obtained by Millipore Milli-Q water purification system (Millipore Co. Ltd., USA), and the resistivity was18.6MΩ.
Instruments
Electrochemical experiments were carried out on CH Instrument (Shanghai ChenHua, China) Model 630 electrochemical workstation. All electrochemical measurements were performed in a three-electrode electrochemical cell with a saturated calomel reference electrode (SCE), a platinum foil counter electrode, and an indium tin oxide (ITO) or a glassy carbon working electrode (d = 3 mm). Indium-doped tin oxide (ITO) glasses were purchased from Zhejiang Jinhua Baolai Vacuum Filming Co., Ltd (Zhejiang, China). They were previously sonicated in acetone for 5 min, followed by rinsing with water and drying before the experiments. The glassy carbon electrode was firstly polished with 0.015 µm aluminum slurry (BDH Chemicals Ltd Poole England), then sonicated successively in redistilled water and ethanol, and finally rinsed thoroughly with redistilled water. The Fourier Transform Infrared (FTIR) spectra of cysteine and CuMPCs were measured using a Nocolet 400 Fourier transform infrared spectrophotometer (Nocolet, USA). Transmission electron image (TEM) was recorded on a Hitachi 8100 transmission electron microscope, using an accelerating voltage of 200 keV. SEM images were taken on a LEO-1530VP field-emission scanning electron microscope. AFM measurements were performed with SPI-3800N (Seiko, Japan) atomic force microscopy. "Tapping mode" measurements were used to avoid the damage of the films. Multiple images at different areas of each film were taken.
Preparation of CuMPCs
The synthesis of the CuMPCs with cysteine as the capping molecules was as follows: 5 ml of 0.01M Lcysteine hydrochloride was added into 5 ml of 0.01M CuSO 4 ·5H 2 O aqueous solution while the solution was stirred violently. It was found that the solution became gray and then 0.080g of KBH 4 dissolved in 5ml ice water was added slowly. The solution quickly turned into ruby-red, indicating the formation of the copper particles. After the solution was continuously stirred for 3 hours, the CuMPCs were obtained. CuMPCs were purified from free cysteine molecules using the standard precipitation-redispersion protocol. Typically, the as-synthesized particle solution was mixed with an equal volume of methanol to precipitate the particle. Then the solid was suspended in a 1:4 mixture of water and methanol, and was isolated by repeated ultracentrifugation.
Preparation of multilayer CuHCF films
The process for the fabrication of multilayer CuHCF films included two steps: (1) solution at a scan rate of 50 mVs -1 for 20 cycles to anchor CuMPCs onto the electrode; (2) dipping the obtained electrode into 10 mM potassium ferricyanide aqueous solution at ambient temperature for 20 min, which resulted in the formation of the first layer CuHCF film surrounding CuMPCs. Repetition of the two steps would lead to the formation of multilayer CuHCF films that bridged by CuMPCs. The CuMPCs solution used was prepared as follows. All the obtained CuMPCs was dispersed in 10 mL water and then the pH of the solution was adjusted to about 9.0 using NaOH. The experiments were all performed at room temperature.
RESULTS AND DISSCUSSION
Characterization of CuMPCs
TEM observation was used to determine the size and morphology of CuMPCs, and the image is shown in Figure 2 . The nanoparticles was found to be nearly monodisperse, and their size distribution is about 5-10 nm. The resulting nanoparticles could be used as the starting materials for the multilayer formation procedures.
The FTIR spectra of pure cysteine and CuMPCs taken in a KBr pellet were collected over the range of 400-4000 cm −1 in the transmission mode. As shown in Figure 3 , the spectrum of CuMPCs was similar to that of pure cysteine molecules. The 3100 cm -1 band is attributed to the asymmetric and symmetric C-H stretching and 1620 cm -1 signal is assigned to the C=O stretching. The 1100cm -1 signal is attributed to C-O stretching vibrations. All those bands were observed in both cysteine and CuMPCs samples. The N-H stretch of cysteine molecule was observed at 3343 cm −1 (Figure 3 a) , and that of CuMPCs functionalized with cysteine was observed at 3342 cm −1 (Figure 3 b) . The peak positions of them are almost the same. It suggested that the -NH 2 group didn't interact with copper particles. However the small peak at 2550 cm −1 , corresponding to the S-H stretching vibration mode, disappeared when the cysteine molecules adsorbed on the Cu nanoparticle surface (Figure 3 b) , giving strong evidence that cystein anchored on the copper surface through the sulfur atom in the mercapto group (32). All those evidences agreed well earlier studies on cysteine modified silver nanoparticles (33) .The carboxylate ligand (1620 cm -1 ) of cysteine could form a salt with copper ions (18) and the salt was thought to be responsible for the formation of CuHCF nanoparticles (34) .
Potentiodynamic technique could be used to directly deposit CuMPCs on the electrode surface. It has been reported that the effectiveness in preventing surface oxidation of copper nanoparticles was poor. High air sensitivity of copper nanoparticles needs extremely careful and challenging approaches to avoid the oxidation of copper nanoparticles. Oxygen can penetrate the surface of the copper nanoparticles especially in aqueous medium, and make them oxidized. In our experiment, the copper nanoparticles were oxidized slowly with O 2 as the electron acceptor (35) . So there is free Cu 2+ presented although excess amount of KBH 4 has been used. During the electrochemical deposition process, some of these copper ions could be deposited on the electrode. Through the interaction between cysteine and the electrodepositied copper nanoparticles, CuMPCs have been modified on the electrode. The typical current-potential characteristic of the CuMPCs deposition process in the potential range of -0.8 to 0.6 V is shown in Figure 4 . The anodic waves labeled I o , II o correspond to the formation of Cu(I) and Cu(II) while the cathodic peaks marked II R , I R represent the reduction of Cu(II) to Cu(I) and Cu(I) to Cu(0). After 20 scan cycles were carried out, the electrochemical process became reversible. The charges associated with the stripping process and redeposition process were almost the same, indicating that the deposited CuMPCs became constant (36). Figure 5 A shows the voltammetric characteristic of the first layer CuHCF film modified electrode in 0.1 M KCl solution. The first monolayer CuHCF shows three oxidation peaks. The peak at 0.38 V (I o ) corresponds to the oxidation of Cu(0) to Cu(II), which is reduced at 0.04 V (I R ) (37) . The second peak at 0.50 V is attributed to the oxidation of a Cu(I)-thiolate species (38) . The pair of quasireversible peaks at about 0.70 V can be described as follows: These peaks were assigned to the low-spin FeII/III redox couple in the CuHCF, which was similar to the transition metals reported by Kuwana for CuHCF (37) , and the peaks were used to characterize the growth process of the multilayer films. In contrast, when CuSO 4 solution in pH 9.0 solution was used as linkers instead of CuMPCs, no peak was observed (Figure 5 B) , which indicated that CuMPCs played an important role in the formation of CuHCF films. Cysteine is an interesting amino acid that contains three dissociable protons (pK COOH =1.91, pK NH3 = 8.16 and pK SH = 10.25). The thiol group in cysteine was capable of chemisorbing on copper surface in the preparation of CuMPCs. So it formed a monolayer on the copper nuclei surface with the carboxylic acid and amino groups pointing outward (33) . In the basic deposition solution, this monolayer around copper cores became deprotonated, and a carboxylate/Cu(II) complex was formed. The metal salt formed in the copper ions and the carboxylic acid on the CuMPCs surface could react with ferricyanide to form CuHCF nanoparticles.
Formation of multilayer CuHCF films bridged by CuMPCs
The electrochemical response of CuHCF at 0.7 V increased when CuMPCs was used as the linkers, indicating the increase of CuHCF density. A series cyclic voltammograms with different layers are shown in Figure  6 . The inset of Figure 6 depicted the charge under the redox peak at 0.70 V as a function of number of layers of CuHCF film. Rather than a linear growth profile, which is typical for most electrostatic layer-by-layer assembled films (39), the films linked by CuMPCs first evolves exponentially with the number of deposition steps. After a given number, it follows a linear evolution. The exponential growth is always associated with the increase of surface roughness (40) and "heterogeneous" film topography (41) . CuMPCs was a kind of nanoparticles with roughness surface, so it could present an increasing surface area, which increased the amount of the deposited CuHCF nanoparticles. On the other hand, the hexacyanoferrate ions could move into the bottom of the layer during each layer pair deposition step, and caused the heterogeneous topography (42) . Therefore the exponential growth came from the increase of the film roughness and the "heterogeneous" film topography in the buildup process.
In all MHCF inorganic compounds, the Fe(III)/Fe(II) unit can undergo one electron reversible oxidation process. The ninth layer of the CuHCF film grown on the glassy carbon electrode has been examined by cyclic voltammetry in KCl aqueous solutions, as shown in Figure 7 . The separation between the anodic and cathodic peak potential of Fe(II) to Fe(III) occurring at 0.70 V was quite small. It indicated that the species were surface bound and the electron transfer was facile. The peak currents showed a linear dependence with square root of the scan rates, which suggested thin films were formed, and the electrochemical reaction of Fe(III)/Fe(II) unit in the multilayer assemblies was a diffusion-controlled redox process (43) (44) .
Immobilization of CuMPCs and CuHCF on the electrode was characterized by SEM to assess the layer surface topography. Typical SEM images of the CuMPCs and the ninth layer films are showed in Figure 8 . increase of the film roughness (46), which might be attributed to the particular effect of CuMPCs. The multilayer CuHCF films were bridged by CuMPCs and formed three-dimensional networks. The network could increase the surface area of the films.
To clearly investigate the film growth processes, a series AFM images are presented in Figure 9 . For a comparison, an AFM image of the bare ITO electrode was shown in Figure 8 a. It was flat and only little bright dots were distributed over it. These bright dots were the defect of ITO electrode itself. In contrast, an evident change in morphology was observed after the deposition of the CuMPCs layer. CuMPCs was successfully anchored on the electrode. Significant difference was also observed when the electrode was exposed to the ferrocyanide solution for 20 min. Figure 9 c shows the 3 layer film for the CuHCF. The surface of the multilayer CuHCF was composed of nanoparticles with average diameter of 6-10 nm. These particles were dispersed uniformly on the surface. Each granule showed the increase in assembly thickness with the increase of the layer number. Therefore, CuHCF films have been successfully formed and anchored on the electrode by the electrochemical/chemical process. The number of dots per unit area increased slightly with the building up of the multilayers. Figure 9 d showed the topography of the ninth layer of CuHCF modified ITO electrode. In the image, a dense film was formed. When the electrode was cycled in CuSO 4 solution, the topographic images was almost flat (Figure 8 e) , which indicated that the globular nanoparticles were CuMPCs.
The proposed mechanism for the controlled growth of the multilayer CuHCF films bridged by CuMPCs was discussed. One possible reason is the attachment of -NH 2 of cysteine on the Cu sites located on the CuHCF surface (47) . In a contrast experiment, the electrode modified with one layer CuHCF film was dipped into the CuMPCs solution for 20 min without applying potential, and then the electrode was taken out to dip into ferrocyanide solution for another 20 min. It could also observe that the signal of CuHCF at 0.7 V increased slightly. It suggested multilayer CuHCF films could be formed by the layer-by-layer method. However the slightly increase of the signal indicated the low assembling efficiency of the CuHCF in the absence of electric field. When electrochemical method was used, the signal increased greatly. The as-prepared CuHCF nanoparticles may act as the nucleation centers and catalyze the formation of the next layer CuHCF. The other possible explanation came from the substantial different activation barriers for the ion transfer reactions (48) . According to the classic theory of nucleation and growth (49) , the free energy to form stable nucleation on a substrate is determined by the following equation:
Where S is the degree of supersaturation, σ cl is the interfacial energy between the particle (c) and the liquid (l), σ cs is the interfacial energy between the particle and the substrate (s), σ sl is the interfacial energy between the substrate and the liquid, and A is the surface area of the particle. In the CuMPC solution, only part of the Cu-S bond was breakdown, so the copper ions concentration was low, which would control the copper nucleus on the electrode. The energy required for crystal growth was smaller than that for the formation of new nuclei. When the surface was modified with the first layer of CuHCF, the activation energy related to the surface diffusion was increased. This in turn would decrease the surface diffusion length and promote the formation of the next CuHCF layer on the existing layer (50).
Application of multilayer CuHCF films as the H 2 O 2 sensor
Prussian Blue and its analogous have been widely used as advanced transducers for hydrogen peroxide (51) . Because of the high surface area of the 3-dimensional structure of the multilayes, the CuHCF film modified glassy carbon electrode showed high efficiency for the reduction of H 2 O 2 . Figure 10 a shows the typical responses of the ninthe layer CuHCF film modified electrode to the successive injections of hydrogen peroxide. A clearly defined reduction current proportional to the hydrogen peroxide concentration was observed. More than 100% enhancement over the CuHCF modified electrode can be observed (Figure 10 b) , indicating the higher catalysis efficiency of the multilayer film. The responses occurred immediately after the addition of hydrogen peroxide and the time was less than 10 s to reach 95% of the steady-state value as shown in Figure 9 . The response to hydrogen peroxide was linear in the concentration range of 5.0 × 10 -6 ∼ 3.5 × 10 -4 M (RSD% = 0.9996). The detection limit was 1.0 ×10 -6 M at a signal-to-noise ratio of 3.
Stability of the multilayer CuHCF films
The films formed by a galvanostatic or potentiostatic method from solutions of cupric ion and ferricyanide ion often showed the noticeable deterioration with the increase of the CV scans. However, the films obtained by the method were very stable. After cycling the electrode in a 0.1 M KCl solution for 1500 successive cycles between -0.20 and 0.90 V at a scan rate of 50 mV/s, negligible changes in the shape and height of the current of Fe(III)/Fe(II) were observed, which indicated that the formed films are very stable.
CONCLUSION
In conclusion, the cysteine monolayer protected copper clusters were used to bridge multilayer CuHCF films. The growth of the nanostructured film can be controlled by cycles of the electrochemical/chemical procedure. The obtained films have 3-dimensional (3-D) structure and could be used as the H 2 O 2 sensor with higher efficiency. Since the approach can be applied to other systems, it will open the possibilities for the design of new 3-D molecular architectures.
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